Male-specific fruitless (fru) products (Fru M ) are both necessary and sufficient to "hardwire" the potential for male courtship behavior into the Drosophila nervous system. Fru M is expressed in w2% of neurons in the male nervous system, but not in the female. We have targeted the insertion of GAL4 into the fru locus, allowing us to visualize and manipulate the Fru Mexpressing neurons in the male as well as their counterparts in the female. We present evidence that these neurons are directly and specifically involved in male courtship behavior and that at least some of them are interconnected in a circuit. This circuit includes olfactory neurons required for the behavioral response to sex pheromones. Anatomical differences in this circuit that might account for the dramatic differences in male and female sexual behavior are not apparent.
Introduction
All animals are born with a set of instincts, or innate behaviors. Selection has favored the evolution of genetic programs that "hardwire" these behaviors into the nervous system, so that animals react instinctively to environmental stimuli in a way that enhances their prospects for survival and reproduction. These instinctive behaviors offer an excellent opportunity to explore how complex behaviors are organized in the nervous system and how they are programmed during development. An important first step toward this goal is to trace the neural pathways that mediate a complex instinctive behavior, from sensory input through to motor output. Work toward this goal has mostly focused on the electrophysiological investigation of invertebrate behaviors, such as feeding in Aplysia (Cropper et al., 2004 ) and escape behavior in crayfish (Edwards et al., 1999) . However, if we are to understand complex behaviors such as these at the molecular level, then we must examine behaviors and neural circuits that can be manipulated genetically as well as electrophysiologically. For this, Drosophila uniquely provides the ideal combination of complex instinctive behaviors, powerful methods for genetic manipulation, and electrical and optical recording of neuronal activity.
Of all the instincts that Drosophila displays, its sexual instincts are among the most attractive for such purposes. First, Drosophila sexual behaviors are both *Correspondence: barry.dickson@imba.oeaw.ac.at 1 These authors contributed equally to this work. complex and robust. Second, because they are displayed by one sex only, the other sex serves as an ideal control. This makes it possible to focus, at least initially, on the genes and neurons that make the sexes different. Third, there is a rich literature on the genetics of sex determination and sexual behavior of Drosophila (reviewed in Baker et al. [2001] ). We therefore set out to define the neural circuitry that governs male courtship behavior in Drosophila. Previously, genetic mosaics have been used to define broad regions of the CNS that must be male to support various aspects of male sexual behavior (reviewed in Baker et al. [2001] ). Ultimately, however, this process must continue down to the resolution of single identifiable neurons. Moreover, a way must be found to manipulate and monitor the activity of these neurons, not just their sex.
With the discovery of the fruitless (fru) gene and its critical role in male sexual behavior, sex differences in Drosophila mating behavior can now be attributed to the action of a single gene in identifiable neurons. The fru gene encodes a set of putative zinc finger transcription factors, which are produced from alternatively spliced transcripts initiated from at least four different promoters (Ito et al., 1996; Ryner et al., 1996) . Transcripts initiated from the distal P1 promoter are spliced differently in males and females. The male P1 transcripts encode male-specific proteins (Fru M ) that are both necessary and sufficient for male sexual behavior (Demir and Dickson, 2005 
[this issue of Cell]). Fru
M is expressed in w2% of neurons in the male CNS. These neurons are organized into 21 distinct clusters in various regions of the brain and ventral ganglia, including some of the regions implicated in male sexual behavior from the mosaic studies (Lee et al., 2000) . In order to be able to label and manipulate these neurons, we used gene targeting to insert the GAL4 open reading frame into the fru P1 transcripts. In these fru GAL4 flies, the neurons that normally express Fru M in males now express GAL4, as do the corresponding neurons in females.
We have used various GAL4-responsive UAS transgenes to explore the anatomy and function of these neurons. We postulate that many if not all of the fru GAL4 -expressing neurons are interconnected in a circuit that is directly and specifically involved in male sexual behavior. This circuit includes sensory, central, and motor components. Among the fru GAL4 sensory neurons are olfactory neurons that may be specialized for detection of female sex pheromones. We could not detect any major anatomical differences in this circuit that might explain the different sexual behaviors of males and females, suggesting that the essential difference between the sexes lies in the functioning of this circuit, not its construction.
Results
Targeted Insertion of GAL4 into the fruitless Locus We used gene targeting by homologous recombination to insert GAL4 coding sequences in place of the sex- specifically spliced S exon, so that transcripts from the fru P1 promoter would encode GAL4 rather than Fru M (Figures 1A and 1B and see Figure S1 in the Supplemental Data available with this article online). We obtained one such recombinant, and PCR amplification and DNA sequencing of the entire 11 kb targeted region from this line confirmed the precise insertion of GAL4 in this allele, which we therefore refer to as fru
GAL4
. This line was backcrossed to wild-type Canton S flies for four generations prior to any behavioral studies. In a series of RT-PCR experiments, we confirmed that the sex-specific fru P1 transcripts are barely or not at all detectable in fru GAL4 homozygotes; instead GAL4 transcripts are produced in both sexes ( Figure 1C ). The loss of wild-type fru P1 transcripts is reflected in courtship defects in fru GAL4 males: in assays for male-female courtship, male fertility, male-male courtship, and male chaining behaviors, fru GAL4 males resemble the classic fru behavioral alleles fru 3 and fru 4 ( Figures 1D-1G ). Similar courtship and fertility defects are observed in fru GAL4 heterozygotes carrying a UAS-tra transgene, confirming the functional expression of GAL4 ( Figures  1D-1G) . Importantly, fru GAL4 homozygous males and females are viable and females are fertile, indicating that , UAS-shi ts males were raised at the permissive temperature and then shifted to the restrictive temperature for 1-2 hr before testing their courtship behavior in single-pair assays with wild-type virgin females. Courtship was severely reduced in these males compared to control males that carried either fru GAL4 or UAS-shi ts alone, or fru
, UAS-shi ts males tested at the permissive temperature ( Figure 3A) . fru GAL4 , UASshi ts males also do not court other males ( Figure 3B ), demonstrating that the reduction in male-female courtship is not merely due to a change of sexual orientation. The reduced courtship by fru GAL4 , UAS-shi ts males also cannot be explained by a general disruption of sensorimotor function, as fru GAL4 , UAS-shi ts males performed as well as control males in assays for locomotion, flight, phototaxis, odor avoidance, taste sensitivity, and taste discrimination ( Figures 3C-3I) (Figures 2A and 2B) . The numbers of cells in each of these clusters are also generally similar in the two sexes (Table S1 ). One notable exception is the larger number of fru GAL4 neurons in the fru-aSP2 cluster of the superior protocerebrum in males. These neurons are in a region of the brain implicated in the initiation of courtship by the mosaic studies (Hall, 1979) . Previously, a dimorphism has also been reported in the abdominal ganglion, in motor neurons that innervate the reproductive organs (Billeter and Goodwin, 2004; Lee and Hall, 2001 ). Overall, however, despite the dramatic differences in sexual behavior that are endowed by fru P1 products, there is surprisingly little sexual dimorphism in the number and location of the neurons in which they are expressed.
fru

GAL4 Projections
To examine the projection patterns of fru GAL4 neurons in males and to look for potential differences in these projections in females, we introduced a membranetethered GFP reporter (UAS-mCD8-GFP). In brains and ventral ganglia of 48 hr pupae and 2-to 3-day-old adults stained with anti-GFP and examined by confocal microscopy, we could not detect any obvious differences in the projection patterns of fru GAL4 neurons between males and females ( Figure 4 and data not shown). Of course, there may well be subtle sexual dimorphisms that we cannot detect at this level of analysis, which is limited both by the relatively large number of neurons labeled by fru GAL4 and the low resolution afforded by light microscopy. In future, this issue may be resolved by more detailed analysis using electron microscopy and markers that label specific subsets of fru GAL4 neurons. For now, we draw the tentative conclusion that the projection patterns of fru GAL4 neurons and perhaps also their connections are generally similar in the male and female CNS.
Many different nerve bundles and synaptic neuropils are labeled in the brains of fru GAL4 , UAS-mCD8-GFP flies ( Figures 4A and 4C ). Chemosensory pathways are particularly prominent, including both first order neuropils (the antennal lobe and suboesophageal ganglion, for olfaction and gustation, respectively), and higher brain centers involved in chemosensory information processing (the mushroom bodies and superior medial and lateral protocerebrum), as well as the nerve bundles that interconnect these regions (such as the interantennal lobe tract and the median bundle). In the visual pathways, fru GAL4 fibers are absent from the firstorder neuropil (the lamina) but are present in the second-, third-, and fourth-order neuropils (medulla, lobula and lobula plate, and optic tubercle, respectively) and the nerve bundles that connect them. The first order mechanosensory neuropil, the antennal-mechanosensory region, is also labeled with fru GAL4 . Higher-order mechanosensory pathways are less well defined but may include fru GAL4 fibers in the median bundle and dorsal protocerebrum.
In the ventral ganglia, fru GAL4 neurons project throughout the neuropil in each neuromere ( Figures 4B  and 4D ). fru GAL4 motor neurons exit the abdominal ganglia in the abdominal nerve trunk and innervate several ventral and dorsal abdominal muscles, including the male-specific muscle of Lawrence and a set of homologous but smaller muscles in females. Another branch of the abdominal nerve trunk carries fru GAL4 fibers that innervate the internal reproductive organs. In males, 
GAL4
, UASmCD8-GFP males (A and B) and females (C and D) were stained with anti-GFP (green) and counterstained with mAb nc82 (to label synaptic neuropil, magenta). The anti-GFP channel is also shown separately for each image (A#, B#, C#, and D#). AL, antennal lobe; SOG, suboesophageal ganglion; mb, median bundle; iat, interantennal lobe tract; β, mushroom body β lobe; ot, optic tubercle; smpr, superior medial protocerebrum; slpr, superior lateral protocerebrum; asterisk, optic lobe fibers; abdn, abdominal nerve trunk.
this includes the accessory glands, seminal vesicles, vas deferens, ejaculatory bulb, the aedeagus (penis) muscles, and a few bristles in the genital and anal plates. In females, fru GAL4 neurons innervate the common and lateral oviducts, the uterus, and bristles in the genital plate. These sex differences in fru GAL4 projections are not due to fru itself, as they are unchanged in fru F males or fru M females. 
fru
GAL4 Sensory Neurons
fru
GAL4 labels w15% of the w1200 olfactory receptor neurons (ORNs) on the third antennal segment (177 ± 10 in the male and 149 ± 4 in the female; Figures 5A-5D) and many of the auditory neurons that innervate Johnston's organ on the second segment ( Figure 5C ). Double-labeling with anti-Fru M confirmed that the fru GAL4 ORNs do indeed express Fru M , albeit at barely detectable levels ( Figure 5A# ). fru GAL4 also labels w14 neurons located in taste sensilla in the dorsal labelum ( Figures 5E-5G ) and w30 neurons in the foreleg tarsi ( Figures 5H-5K ). Taste sensilla on the labelum are innervated by two to four gustatory receptor neurons (GRNs) and a single mechanosensory neuron. The fru GAL4 neurons are GRNs because they express a poxn reporter (data not shown), which specifically labels chemosensory neurons (Boll and Noll, 2002) . In addition to these major olfactory, gustatory, and auditory sites, fru GAL4 also labels a few sensory neurons in the maxillary palp, taste pegs on the interior of the labelum, the cibarial organs of the mouth, the tarsi of the mid-and hindlegs, the dorsal radius of the wing, and the genitalia. fru GAL4 is not expressed in sensory neurons of the visual system.
GAL4 ORNs Project to Sexually Dimorphic Glomeruli
We focused our further investigation on fru GAL4 sensory neurons of the olfactory system, as its anatomical and functional organization is better understood than that of the gustatory and auditory systems. Moreover, we also noted that fru GAL4 ORNs innervate a specific class of olfactory sensilla, the trichoid sensilla. This was particularly intriguing, because the ORNs that detect female sex pheromones in moths and other insects are also housed in trichoid sensilla (Kaissling, 1996 In moths, the ORNs that detect female sex pheromones project to a set of two to three glomeruli in the anterolateral region of the antennal lobe, near the base of the antennal nerve (Hansson et al., 1992) . These glomeruli are much larger in males than females, forming a structure known as the macroglomerular complex (MGC). In Drosophila melanogaster, two glomeruli located in an equivalent position, DA1 and VA1v, are also significantly larger in males than females, raising speculation that they might similarly be innervated by ORNs that respond to sex pheromones (Kondoh et al., 2003) . If this hypothesis is correct and our hypothesis that fru GAL4 ORNs detect pheromones is also correct, then we can make the strong prediction that the fru
GAL4
ORNs should project to the DA1 and VA1v glomeruli.
Testing this prediction required a means of selectively labeling just the fru GAL4 ORN afferents and not the processes of any other fru GAL4 neurons that enter the antennal lobe. We achieved this using an eyFLP transgene to express FLP recombinase specifically in the antenna and eye (Newsome et al., 2000) and then using either the MARCM (Lee and Luo, 1999) or FLP-in (Wong et al., 2002) strategies to express the mCD8-GFP reporter in cells that express both GAL4 and FLP. With both of these approaches, we found that fru
ORNs do indeed project to the DA1 and VA1v glomeruli ( Figures 6A, 6B, and S2B ). In addition, fru GAL4 ORNs also innervate the neighboring VL2a glomerulus. Rarely, we also observed weaker staining in other glomeruli, in particular VA6. These projection patterns are the same in both sexes.
We confirmed the sexual dimorphism in the volumes of DA1 and VA1v and also found that VL2a is slightly but significantly larger in males than in females ( Figure  6C and Table S2 , unpublished data). Thus, of w50 glomeruli in total, the only three glomeruli with any significant sexual dimorphism in Drosophila melanogaster are precisely the three glomeruli that receive innervation from fru GAL4 ORNs. This sexual dimorphism in the DA1, VA1v, and VL2a glomeruli is dependent on the sex-specific splicing of fru, as it is abolished in fru F mutants, in which fru P1 transcripts are spliced in the female mode in both sexes, and in fru M and fru ⌬tra mutants, in which fru P1 transcripts are constitutively spliced in the male mode ( Figure 6C and Table S2 ).
A Function for fru
GAL4 ORNs in Male Courtship Behavior
To test whether fru GAL4 ORNs function in male courtship behavior, we needed a means to specifically block activity of all fru GAL4 ORNs, but not of other ORNs nor other fru GAL4 neurons. As we lack a promoter to express silencing transgenes specifically in the fru GAL4 ORNs, we instead used an FLP-in strategy analogous to that used for their anatomical characterization (Figure S2) . We prepared a UAS>stop>shi ts construct (where > indicates an FRT site and stop is a tandem transcriptional stop sequence) and generated fru GAL4 , eyFLP, UAS>stop>shi ts flies. In these flies, eyFLP excises the >stop> cassette in all cells of the antenna and eye, so that expression of shi ts in the fru GAL4 ORNs allows them to be conditionally silenced. We also generated an analogous UAS>stop>TeTx construct (and an inactive UAS>stop>TeTx in control), to constitutively silence these neurons with the tetanus toxin light chain (Sweeney et al., 1995) .
We performed single-pair courtship assays, in which males of these genotypes were paired with wild-type virgin females (Figures 6D and 6E) . These assays were conducted in the dark in order to eliminate any visual cues that might contribute to courtship, thereby increasing the male's reliance on chemosensory cues. In these assays, fru GAL4 , eyFLP, UAS>stop>shi ts males courted significantly less than control males at the restrictive temperature, but not at the permissive temperature ( Figure 6D ). Similar results were obtained upon constitutive silencing with TeTx ( Figure 6E ). We cannot definitively attribute this reduction in courtship to the silencing of the fru GAL4 ORNs because in the corresponding fru
GAL4
, eyFLP, UAS>stop>mCD8-GFP flies we detect the mCD8-GFP reporter not only in the fru GAL4 ORNs, but also in the fru GAL4 neurons in Johnston's organ, many neurons in the optic lobe, and stochastically in a few neurons of the mushroom body or, rarely, in the ventral ganglia ( Figure S2) (Markow, 1987; Tompkins, 1984) are dispensable for male courtship, and visual input was excluded by performing these assays in the dark. In contrast, olfactory cues are critical for male court- ship (Markow, 1987; Tompkins, 1984) . Thus, the dramatic reduction in courtship activity in both fru GAL4 , eyFLP, UAS>stop>shi ts and fru
, eyFLP, UAS>stop> TeTx males is most likely due to synaptic silencing of the fru GAL4 ORNs. As a further and more stringent test of the hypothesis that fru GAL4 ORNs function in pheromone detection, we exploited a role-reversal assay (Demir and Dickson, 2005) , in which females engineered to produce male Fru M proteins (fru M ) court males engineered to produce female pheromones (oe-GAL4/UAS-tra). Because these males otherwise look and behave as normal males and the females differ from normal females only in their sexual behavior, this sex-reversed courtship is likely to be driven entirely by the reversal of pheromone production and response. Visual and auditory cues perceived by the female should, if anything, inhibit rather than promote courtship. Hence, if the combination of fru GAL4 , eyFLP, and UAS>stop>shi ts or UAS>stop>TeTx transgenes primarily blocks pheromone responses, then courtship should be reduced in this assay; if it blocks visual or auditory stimuli, then courtship would rather be increased. In fact, courtship is also reduced in this sex-reversed assay ( Figures 6F and 6G) , to an extent comparable to that seen in normal male-female courtship ( Figures 6D and 6E) . We consider this a compelling demonstration that, in all of these experiments, the reduction of courtship is indeed due to silencing of the fru GAL4 ORNs and infer from this that at least some of these ORNs respond to volatile sex pheromones.
In male-female courtship assays, silencing only the fru GAL4 ORNs reduces courtship just as severely as silencing all the fru GAL4 neurons. Conceivably, fru
ORNs might be the only fru GAL4 neurons that function in male courtship. While this may seem at odds with mosaic and RNAi studies showing that specific parts of the CNS must be male (Hall, 1979 activity of fru GAL4 , eyFLP, UAS>shi ts >stop males ( Figure  6D ). In these males, courtship was reduced at the restrictive temperature to levels comparable to that observed when either all fru GAL4 neurons were silenced or just the fru GAL4 ORNs. We conclude that male courtship behavior requires synaptic transmission of both fru
ORNs and other fru GAL4 neurons, presumably in the CNS.
fru
GAL4 ORNs Connect to fru GAL4 PNs In the glomeruli of the antennal lobe, ORN axons form synapses with processes from two distinct classes of second-order neurons: projection neurons (PNs), which generally target their dendrites to a single glomerulus, and local interneurons (LNs), which generally innervate multiple glomeruli. The PN and LN soma are located mostly dorsal or lateral to the antennal lobe, with a few also located ventrally. A cluster of w60 fru Figure 2) is also located immediately dorsal to the antennal lobe, in a position suggesting that they are likely to be olfactory PNs. We tentatively refer to these neurons as the fru GAL4 PNs. Staining with anti-Fru M reveals that these PNs are distinct from the w90 PNs labeled by the GH146-GAL4 driver, which is commonly used to study the development and function of the olfactory PNs (Figure 7A; Jefferis et al., 2001 ). These Fru M PNs are located posterior to the GH146-GAL4 PNs, but are also partially intermingled with them. Do the fru GAL4 ORNs connect to these fru GAL4 PNs? If so, then the fru GAL4 PNs should innervate the same glomeruli as fru GAL4 ORNs, namely the DA1, VA1v, and VL2a glomeruli. We tested this by surgically removing the antenna of fru
GAL4 neurons (denoted fru-mAL in Lee et al. [2000] and in
GAL4
, UAS-mCD8-GFP flies and allowing the severed ORN axons to degenerate. Staining with anti-GFP then specifically reveals the projections of the fru GAL4 PNs in the antennal lobe. Indeed, in both males and females, fru GAL4 PNs innervate the DA1, VA1v, and VL2a glomeruli ( Figure 7B ). Given the welldefined synaptic organization of the antennal lobe, this result implies that fru GAL4 ORNs and fru GAL4 PNs are synaptic partners (although final proof of this must await studies at the electron microscope level). We therefore conclude that fru GAL4 ORNs and fru GAL4 PNs are interconnected in an olfactory circuit dedicated to the detection and processing of volatile sex pheromones.
Discussion
Sex and the Single Neuron An important step toward understanding the neural basis of any behavior is to trace the neural circuits involved. Here, we have characterized, at the level of single identifiable neurons, the circuitry that governs Drosophila male courtship behavior. These neurons are defined by their expression of fru
GAL4
, created by the targeted insertion of GAL4 into the fru locus. We believe that fru GAL4 identifies most if not all of the neurons with sex-specific functions in courtship because malespecific Fru M proteins are necessary and sufficient for courtship (Demir and Dickson, 2005) and fru GAL4 includes all the neurons that express Fru M . Synaptic silencing of these neurons impairs courtship behavior but leaves unrelated behaviors intact. Thus, the fru GAL4 neurons function directly in male courtship, and are largely dedicated to this behavior.
Of course, this is not to say that courtship only involves fru GAL4 neurons, nor that these neurons function only in courtship. Clearly, courtship also involves many neurons that do not express fru GAL4 . However, these neurons most likely have more general functions, common to many behaviors and to both sexes. It is also possible that fru GAL4 neurons function in other behaviors that we have not yet examined, in particular other sex-specific behaviors such as aggression (Nilsen et  al., 2004) . Also, almost all of the fru GAL4 neurons have counterparts in females. The functions of these neurons in females are unknown.
How many of the fru GAL4 neurons are actually involved in male sexual behavior? At one extreme, just one or a few of the fru GAL4 neurons might be critical, with most fru GAL4 neurons having nothing to do with courtship. Alternatively, most or even all of the fru GAL4 neurons might be directly involved, each contributing in some way to the behavior. We favor the latter scenario. First, there are no obvious examples of cells that express fru GAL4 but are clearly not involved in courtship. fru GAL4 is not detected at all in embryos nor during larval stages until shortly before pupariation, and even in adults it is confined to only a small fraction of neurons. Second, distinct roles in sexual behavior have already been defined, or seem likely, for several subsets of these fru GAL4 neurons, such as the fru GAL4 ORNs and the fru GAL4 motor neurons that innervate the penis and ejaculatory bulb. It thus appears that male sexual behavior involves the contributions of many different fru GAL4 neurons, including neurons at each of the sensory, central, and motor levels.
Dissecting out the contributions of each of these neurons will require a means to manipulate defined subsets of fru GAL4 neurons, as we have done here for the fru GAL4 ORNs by using antenna-specific FLP expression and FLP-dependent silencers. With the appropriate FLP reagents, it might be possible to extend this approach to other parts of the nervous system. Similarly, expression of GAL80, a GAL4 repressor, should allow the selective exclusion of specific subsets of fru GAL4 neurons. These approaches could also be combined, providing logical AND and NOT operations that might ultimately allow the operation of the entire fru GAL4 circuit to be examined, piece by piece.
A fru GAL4 Circuit? fru GAL4 neurons are dispersed throughout the nervous system, generally comprising a small subset of neurons at each successive neural level. For example, fru GAL4 labels subsets of both first-order olfactory neurons (ORNs) and second-order olfactory neurons (probably PNs). Remarkably, the fru GAL4 ORNs innervate the same three glomeruli in the antennal lobe as the fru GAL4 PNs, indicating that they are most likely synaptic partners. Third-order olfactory neurons are located in the superior protocerebrum and mushroom bodies, and here too subsets of neurons express fru GAL4 . Thus, it is possible that a "fru GAL4 connects to fru GAL4 " principle might even extend into higher brain centers, and perhaps even continue through to the descending pathways and motor neurons that express fru GAL4 . Clearly, fru GAL4 neurons also make synaptic contact with neurons that do not express fru GAL4 , many of which will also have important (but general) roles in the neural processing that drives male courtship. We speculate only that many if not all of the neurons with sex-specific roles in courtship express fru GAL4 (and normally Fru M ), and that these neurons may be directly interconnected in a circuit that extends from sensory input through to motor output. A precedent for this organization, albeit for a much simpler behavior, is the connectivity of sensory and motor neurons that express the same Ets transcription factors in the vertebrate monosynaptic spinal reflex circuit (Lin et al., 1998) .
Sex Pheromones
In Drosophila, as in many other animals, male mating behavior is triggered by sex pheromones emitted by the female. Drosophila females produce both volatile (long-range) and nonvolatile (contact) sex pheromones. Volatile pheromones are thought to stimulate courtship behavior (Averhoff and Richardson, 1974; Shorey and Bartell, 1970; Tompkins, 1984) , whereas nonvolatile pheromones may facilitate sex and species discrimination (Coyne et al., 1994; Jallon, 1984) . The major nonvolatile female pheromones are 7,11-heptacosadiene and 7,11-nonacosadiene (Jallon, 1984) , for which Gr68a is a candidate receptor (Bray and Amrein, 2003) . The volatile pheromones have not yet been identified nor have the receptors or neurons that detect them. We postulate that these pheromones are detected by the fru GAL4 ORNs. This conclusion rests on two main lines of evidence. First, sensory stimuli of particular significance often have enlarged representations in the brain, and so the fact that the fru GAL4 ORNs innervate glomeruli that are larger in males than in females suggests that the odors they detect are more important to males than to females. Second, selective silencing of these fru
GAL4
ORNs severely impairs courtship behavior, both in males exposed to normal females, and in fru M females exposed to males that emit female pheromones.
Just as the fru GAL4 ORNs appear to comprise a distinct class of "specialist" ORNs involved in pheromone detection, the fru GAL4 PNs are also distinct from the "generalist" PNs, many of which are labeled by GH146-GAL4 ( For Drosophila sexual behavior, the reason why males court but females do not must reflect some sexspecific property of the fru GAL4 neurons. We do not think it is their gross anatomy. With the trivial exception of neurons innervating the reproductive organs, we detect only subtle differences in the numbers of these neurons and no differences at all in their morphologies or projections. Pending further studies at higher resolution, we tentatively conclude that sex differences in courtship behavior do not rest on differences in the production, survival, or connectivity of the neurons involved.
This conclusion offers a rather sobering perspective on the considerable effort that continues to be devoted to identifying and characterizing sexual dimorphisms in the mammalian brain. In Drosophila, the sexual behaviors of males and females are dramatically different and highly stereotyped; we can attribute this difference to a single splicing event in a single gene, and we can examine the neurons that express this gene at singlecell resolution. Yet even under these ideal circumstances, we still cannot find any anatomical differences that might account for the dramatically different sexual behaviors of males and females. This suggests that differences in neural chemistry, rather than gross neuroanatomy, might underlie the profound differences in behavior between males and females in Drosophila, and surely in many other species as well.
If, as we believe, the essential difference between the sexes in Drosophila lies in the physiology of the fru GAL4 neurons, then we must now begin to search for this difference. fru GAL4 itself will be a powerful tool in this endeavor. Coupled with optical indicators of neuronal activity (Ng et al., 2002; Wang et al., 2003) and tools such as FLP and GAL80 to highlight specific subsets of fru GAL4 neurons, it should now be possible to look for sex differences in the patterns of neuronal activity elicited by sexual stimuli. Thus, by defining the neural circuit that governs male sexual behavior and providing a tool for its manipulation, our work paves the way for a mechanistic investigation of a complex innate behavior. We can now begin to explore how this circuit operates, why it operates differently in males and females, and how this difference is programmed during development.
Experimental Procedures
Targeted Insertion of GAL4 into the fru Locus Gene targeting by homologous recombination was performed essentially as described by Rong and Golic (2000) and illustrated in Figure S1 . The initial targeting generated a single recombinant, fru
GAL4-GFP
, detected by the expression of the GMR-GFP reporter. The GMR-GFP reporter was then excised from this fru 
Behavioral Assays
Flies were raised on semidefined medium (Backhaus et al., 1984) at 25°C in a 12 hr:12 hr light:dark cycle and aged for 5-7 days after eclosure. For courtship, fertility, chaining, and locomotion assays, flies were collected shortly after eclosure and aged individually in small food vials. For flight, phototaxis, odor, and taste assays, flies were aged in pools of 30-50 in large food vials. Courtship, fertility, and chaining assays were performed as described in Demir and Dickson (2005) . Other behavioral assays were performed as follows: Locomotion Short-term locomotion was assessed as the number of times the male crossed the midline of an observation chamber during a 4 min period (Kulkarni and Hall, 1987) . Flight Ten to fifteen males were dumped into the top of a cylinder of 450 mm height and 80 mm diameter, with a plate of water at the bottom. For pupal stainings, white prepupae were collected, separated by sex, and aged for 48 hr in a vial with wet filter paper. For adult stainings, flies were collected 1-3 days after eclosure. CNSs were dissected in PBS, fixed in 4% paraformaldehyde in PBS for 30 min at room temperature (RT), washed three times for 10 min in PBS containing Triton X-100 (PBT) at either 0.1% (for pupae) or 0.3% (for adults), blocked for 1 hr at RT in PBT containing 5% normal goat serum, and incubated with primary antibodies in blocking solution overnight at 4°C. Samples were washed three times for 10 min in PBT at RT, and secondary antibodies were applied in blocking solution for 2 hr at RT. After washing three times for 10 min in PBS, samples were mounted in Vectashield (Vector Labs). Confocal images were captured on a Zeiss LSM510 Meta, Axiovert 200 M, and processed with LSM510 Image Examiner and Adobe Photoshop. Probosces and legs were dissected and mounted in 70% glycerol in PBS and imaged directly by either confocal microscopy on the LSM510 or epifluorescence (Leica).
Cryosections of adult heads were prepared by embedding heads in Tissue-Tek OCT compound (Sakura) and cutting 12.5 m sections, which were then fixed for 10 min in 2% formaldehyde in PBS, washed four times for 5 min in PBS, and stained as for wholemount samples.
To measure glomeruli volumes, whole-mount seven-day-old adult brains stained with mAb nc82 were imaged at 512x512 pixels in 0.5 m confocal sections on a Zeiss LSM510. Glomeruli were traced in individual sections using the Contour Surface option of Imaris 4.0 (Bitplane AG). 
FLP-in Silencing Constructs
